Abstract
Introduction

41
Adaptation is typically thought to lead to gradual ecological specialization, in which 42 populations progress towards an optimal phenotype. This can occur among competing 43 organisms in sympatry, particularly when resources diversify or if the cost of maintaining 44 homeostasis in different environmental conditions is high (Van Tienderen 1991) . 45
However, resource or host generalism are also widely observed in nature (Fried et Out-competition by host specialists, might be expected to select against generalist 66
Campylobacter lineages. However, generalists remain among the most common lineages 67 in agricultural animals and are a major cause of human disease (Sheppard et al 2009) . 68
There are several factors that may be involved in the emergence of generalism as a 69 successful strategy. First, the development, industrialisation and globalisation of livestock 70 7 allele is 0). Similarly, a recombination event occurs at probability r and an allele that 164 recombines is assigned the value of another allele randomly chosen from those at the 165 same locus within the current population. In natural systems, these processes are typically 166 considered rare with upper rate estimates for homologous recombination of 10 −6 per gene 167 per generation (Wiedenbeck and Cohan 2011) . However, these rate estimates can be 168 affected by a number of factors (Barrick and In this study, host-specific alleles at niche specifying genes are considered to confer a 188 fitness advantage to the cell in one or other host. The fitness of allele a , in a given host 189 h is defined as f {h} (a) and this reflects the fitness conferred by that allele to its 190 environment, with 1 corresponding to a perfectly adapted allele conferring maximal 191 fitness, ranging to an allele that provides no benefit to the survival of the cell and has 0 192 fitness. We then follow Levin (Levin and Cornejo 2009) The fate of a bacterium in the GERM model is not only dependent on fitness, but also on 207 the availability of resources. This introduces a dynamic relationship between the fate of 208 cells, their fitness, and the population size, and confers a soft carrying capacity for a 209 niche dependence on the interplay between these aspects. Resource is modeled as a 210 generic entity for which no distinction is made for the type of resource in a given niche, 211 and the affinity for the consumption of a resource by a bacterium is independent of 212 genotype. For each cell, the chance of using a resource occurs with probabilityu + , 213 multiplied by the amount of available resource. If a cell is already using a resource, it 214 finishes with probability u − in which case the resource is then consumed and is not 215 returned to the environment. A resource is generated with constant probability g and is 216
added to the pool of available resource. As such, for any given death in the population, 217
there is a probability that it is caused either by a lack of fitness, or the inability to find and 218 utilize resource. For a given fitness, the chance of death due to fitness or resources 219 changes as the number of cells rises. For very small populations, the cause of death is 220 predominantly fitness-related as resources are abundant. As the population increases, and 221 the chance of finding a resource diminishes, resource-related death quickly starts to 222 influence the fate of the cell but then plateaus as the population approaches carrying 223 capacity. This nonlinear relationship is because, when unconstrained, the population will 224 double in size during the course of a generation, where the resources will only increase 225 by a fixed amount each time, regardless of population size. Conversely, as fitness 226 increases, the proportion of deaths caused by fitness decreases to the point that resource 227 related death becomes dominant. This is important as the mechanism of death is different 228 in each case: in fitness-related death, the probability of death is inversely proportional to 229 the fitness. However, for resource-related death, the chance of death is independent of 230 fitness and occurs entirely at random. As such, when resources become scarce, the 231 fitness of the members of a population becomes largely less important to their fate. 232
Therefore, resource availability is fundamental to the population dynamics, as well as 233 suppressing the speed of convergence to the optimal genotype and maintaining genetic 234 variance. 235
236
Cell death 237
Cell death occurs in two stages, fitness-related death and resource-related death. Fitness-238 related death is dependent on a fitness function, as discussed above and detailed further 239 the supplementary material, which provides a probability of dying per generation for a 240 given genotype. Resource-related death can happen only when a cell is not using a 241 resource and occurs with probability d regardless of fitness. In both cases, the cell is 242
removed from the population. The algorithm also incorporates a host transition or a 243 selective sweep by switching between fitness functions. In this case, the resources can 244 also be reset (although those already using a resource will continue as before). Further 245 details of the model and stochastic simulation are included in the supplementary material. 246
247
Simulation 248
To account for the randomness inherent in the process of evolution, we simulated the 249 system with a variant of a stochastic sampling algorithm (SSA) (Gillespie 1977) , 250
involving Monte Carlo decision processes, was used for simulating the system. The 251 number of cells required to represent a natural population is extremely large, therefore 252 some constraints were imposed to ensure computational tractability. We sampled from 253
Poisson distributions and binomial distributions when the quantities in question were 254 unbounded and bounded respectively. For simplicity, we set the probability of a cell 255 10 division event b to be equal to 1 so that every iteration can be interpreted as a generation.
256
For mutation and recombination we imposed a constraint that each of these events can 257 occur only once every time step. There were ten time steps per generation. The algorithm 258 iterated through the five processes in order of resource allocation, mutation, 259 recombination, cell death and cell division. We use three fitness functions, one each 260 from chicken and cow, which we subsequently refer to as "Host 1" and "Host 2" 261 respectively, and one derived using data from both hosts referred to as the composite 262 fitness function. The composite fitness function is used to initialize the simulation and 263 allow a burn-in period where the genetic composition to arrange themselves in a way that 264 favors neither host. The algorithms start in using the composite fitness function to allow 265 the algorithm to burn-in and deplete unfit allele combinations without purging alleles 266 from one of the hosts. When the population has recovered and reached equilibrium with 267 resource generation, we switch the fitness function to one of the single hosts. This 268 occurred after 200 generations. We subsequently alternated the fitness function between 269 chicken and cattle with the frequency defined by the user. This corresponds to the 270 movement of the entire population to the new host, a simplification of the more realistic 271 process in which bacteria would move to one of several distinct and concurrently 272 evolving ecosystems. This layer of abstraction was partially chosen for computational 273 tractability, but also to aid in the interpretation of results as the number of stochastic 274 events would increase exponentially as the model complexity increases which would 275 potentially dominate any patterns in our results. As such, this constraint is suitable for 276 the scope of this study, particularly as our model is predicated on Campylobacter 277 populations which are often transmitted en masse through stool. To initialize the 278 algorithm, we generated a population of 50 million cells consisting of alleles found in the 279 data set, randomly assigned throughout the population in a uniform manner rather than 280 weighted by their abundance in the data set. The same initial population was used for 281 every simulation run. This way, the populations and processes can be kept identical, and 282 so that the only differences between runs with the same parameters were stochastic 283
effects. 284 285
Two experiments were carried out at a range of recombination to mutation ratios (0-100). 286
1. Long term adaptation followed by host switch -after the first composite burn in, 287 a switch to host 2 was performed. This was run for 1000 generations to simulate 288 long term colonization and adaptation and was then followed by a switch to host 289 The effect of homologous recombination was characterized in 200 independent 314 population GERM simulations, with a transition from the composite niche to Host 1 after 315 200 generations, followed by a transition to Host 2 after another 1000 generations. 316
Simulations were performed at five r /m ratios: 0; 0.1; 1; 10; 100. In all simulations, the 317 mean number of cells decreased sharply from the initial condition and then recovered to 318 approach an equilibrium level between birth and death just before the transition to Host 1 319 (Figure 1 ). In the composite niche, level of proliferation was proportional to the rate of 320 recombination with concomitant increase in mean fitness and population genetic variance 321 (Figures 1C and 1D ). This is because higher recombination rates result in greater genetic 322 variance, and so by Fisher's fundamental theorem of natural selection (Fischer 1930) , the 323 rate of increase in the mean fitness will be greater and the population will thrive. 324
Following the first host transition ( Figure 1A to survive, with the highest recombination level displaying high variance ( Figure 2C) . 343
After the composite niche a number of host transitions were simulated where the mean 344 number of cells shifted between two equilibrium states depending on the host species. 345
The mean number of cells was always higher in Host 1 because some alleles conferring 346 increased fitness in Host 2 will inevitably be purged from the populations in the Host 1 347 niche. Reversing the species order had the same effect for Host 2. At the end of the last 348
Host 2 growth cycle all the recombining populations (r/m>0) had a similar mean number 349 of cells, but the variance differed, with the smallest variance at r/m=1 and r/m=10. 350
Similarly, in the final Host 1 niche, we can see in Figure 2A that were primarily adapted to Host 1 (Clusters 1-5); (ii) populations that were primarily 360 adapted to Host 2 (Clusters 7-9); (iii) populations that were adapted to both niches 361 (Cluster 6). This is consistent with a classification as a specialist for either species, or as a 362 generalist. The membership of these 3 adaptation profile types relates to recombination 363 rate (Table 1) . Simulations with no recombination were predominantly found in Cluster 364 2, with a substantial amount found in other clusters. This is to be expected as the outcome 365 was driven entirely by stochasticity acting on the population and so genes were purged 366 almost at random in the composite niche, yielding a set of outcomes which were 367 maintained during the host transitions as more alleles were lost. In contrast, it can be seen 368 that simulations of all of the recombining populations are predominantly found in Cluster 369 4, which is a Host 1 specialist cluster, albeit with a relatively high equilibrium population 370 number during the Host 2 niche compared to the other Host 1 specialist clusters. In 371 Cluster 4, it can be seen that an r/m=1 gives the greatest occupancy, at 91.8%, explaining 372 the high numbers of cells seen in Figure 2 . The membership of the generalist cluster, 373
Cluster 6, is also represented across all recombination rates, with the highest percentage 374 coming from a relatively low recombination rate (r/m=0.1). 375 376
The gradient of host generalism is mirrored in natural Campylobacter populations 377
The degree of host specialism and generalism in in silco, resulting from model The GERM model provides a context for considering how genome plasticity may 394 influence the proliferation of Campylobacter in a multihost environment. In simple 395 simulations, rapid acquisition of niche-specifying genes promoted better colonization in a 396 new host. This is consistent with the Fisher-Muller evolutionary model (Fisher 1930 , 397
Muller 1932) where recombination functions to bring together fit alleles, which would 398 otherwise compete for fixation in the population, into a single lineage speeding the 399 overall increase in population mean fitness (Gerrish and Lenski 1998) . In line with 400 classical population genetic theory for sex (Barton and Charlesworth 1998 , Felsenstein 401 1974 , Weismann 1904 , the efficiency of selection on bacteria is enhanced by this 402 shuffling of alleles. Therefore, the population with the highest recombination rate will 403 expand to fill the niche more rapidly after a genetic bottleneck. This demonstrates a clear 404 short-term adaptive benefit to rapid recombination, but does not explain why most 405 bacteria recombine at low rates in nature. 406
407
Where survival is predominantly influenced by a few genetic determinants, for example 408 the acquisition of essential antibiotic resistance genes (Spratt et al 1989) , high 409 recombination rates would be favoured. However, this is an unusually simple 410 evolutionary scenario and bacterial habitats comprise numerous interacting selective 411 pressures. Because increased genetic variation leads to faster adaptation (Fisher 1930) , 412 the potential for the population to survive future genetic bottlenecks is related to the 413 fitness variance. In populations that recombine at a low rate, a relatively high fitness 414 variance is often maintained. Therefore, if the species is likely to encounter frequent 415 environmental changes, such as host switches, it may be beneficial to have a lower 416 recombination rate than would be optimal in the Fisher-Muller model. 417
418
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